Selenium (Se) deficiency is associated with increased risk of clinical disorders. Yet, it has not been considered as an important public health issue in Africa. The health burden of this 'hidden hunger' remains largely unknown. Using a case study of central Kenya highlands, a cross-sectional survey assesses Se status of agricultural soils, foods, hair, and actual average dietary Se intake of the local population and investigates the soil-food Se concentration and Se intake-individual Se status relationships. The survey examines eight locations characterized by different agricultural soil types and assesses average dietary Se intake among 159 children and 111 women based on 24-h dietary recall data. Soil Se concentration does not explain Se concentration in foods, which instead is associated with soil's pH, organic matter, and P and Fe content. Cereal grains, beans and potato/green banana form a large portion of the local diet while intake of animal-based foods is limited. This results in Se intake of 15 and 33 lg p -1 d -1 for children and women, respectively. On average, 87% of children and 97% of women have inadequate average daily dietary Se intake, and the hair Se concentration of 92% children and 94% women is below the reference values. Soil's characteristics contribute to variation in Se concentration in foods and consequently the dietary Se intake. A low diversified diet is a key contributing factor to inadequate dietary Se intake in the region. These findings call for the need to investigate potential intervention measure and the health burden of Se deficiency.
Introduction
Micronutrient deficiencies form an important global health issue, due to their adverse effects on key development outcomes. Pregnant women and children under 5 years are at the highest risk of the widespread global micronutrient deficiencies, contributing to poor growth, intellectual impairments, perinatal complications, and increased risk of morbidity and mortality (Bailey et al. 2015) . A study on dietary mineral supplies in Africa, conducted by Joy et al. (2014) , estimated the risk of micronutrient deficiencies using food supply and composition data. Across the continent, the deficiency risks were highest for calcium-Ca (54%), zinc-Zn (40%), selenium-Se (28%) and iodine-I (19%). The East African region generally had the highest deficiency risk for these minerals at 69%, 75%, 52% and 26%, respectively. Kenya had a low-dietary Se supply of 23-35 lg capita -1 d -1 and a mean estimated risk of dietary Se deficiency of 91-100% (Joy et al. 2014) . Dietary Se availability in the country is among the lowest in the region resulting in a high risk of dietary Se inadequacy (Hurst et al. 2013) . Multiple micronutrient deficiencies continue to contribute to over 50% morbidity and mortality cases among children in the country, with causal factors ranging from persistent food insecurity to parasites and infectious diseases (MoH et al. 2013) . Intervention measures for micronutrients such as Zn and I already exist, with policies on the fortification of processed flour with Zn, and iodization of common table salt (Micronutrient Initiative 2009 ). However, to date, Se deficiency has not been studied nor considered as important from a public health standpoint.
In human health, Se is required in trace amounts but plays a central role in the synthesis of antioxidant selenoproteins such as glutathione peroxidase (GPx) for protection against oxidative stress (Tapiero et al. 2003) . It also contributes to functioning of the immune system (Beck 2001) and normal growth and development (Biri et al. 2007 ). Selenium is recognized as a dietary requirement in amounts ranging from 0.04 to 0.10 mg kg -1 in food (IAEA 1994) . Selenium intake of 40 lg d -1 is needed for maximal expression of GPx. Intake less than this amount increases the risk of oxidative stress-related diseases such as cardiovascular disorders and some cancers, and extremely low intake of \ 20 lg d -1 might result in clinical Se deficiency disorder, i.e. a congestive cardiomyopathy called Keshan disease (Fairweather-Tait et al. 2011) .
Until now, no study has investigated the causes and potential solutions to dietary Se deficiency in Kenya. This is due to two main reasons. First, Kenya is characterized by a lack of representative national dietary intake data and incomplete food composition tables (FCTs) . As a result, local nutrition researchers and dieticians are compelled to borrow nutrient values from foreign FCTs, which impede accuracy of research estimates (Chege and Ndungu 2016) . Indeed, FCTs generally vary across countries due to differences in animal or plant species analysed, soil mineral content, agricultural practices, or food processing and preparation methods (Williamson 2005) . Second, Se research in Kenya faces analytical limitations which require specialized equipment and technical support (Pannier et al. 2007; Ralston et al. 2010) .
High population in the highlands leads to pressure on land, which diminishes soil fertility and capacity to sustain food production, resulting in persistent food insecurity. The majority of the rural population lives on a poorly diversified diet, based on a few cereal grains from their subsistence farms (Kennedy et al. 2007) . A wide variety of soil types are used for agriculture in Kenya, varying in geochemical characteristics and fertility due to differences in geology, relief and climate (Giachene and Kimaru 2003) . Selenium occurs naturally in soils; however, its interaction with soil characteristics influences its uptake by plants and concentration in edible crop parts (De Temmerman et al. 2014) . Soil Se mobility and availability are controlled by numerous chemical and biochemical processes including sorption, microbial activity, formation of organic and inorganic complexes, precipitation, dissolution, and methylation to volatile compounds (Broadley et al. 2006; Christophersen et al. 2012; Ullah et al. 2018) . After uptake by plants, Se translocation and distribution in edible parts depends upon the plant's accumulation capacity and stage of growth (Zhao et al. 2005) . The importance of a relationship between soil characteristics and Se concentration in food is more pronounced for such rural populations, whose diets depend mostly on local cereal grains (Gibson and Hotz 2001) .
Using the central Kenya highlands as a case study, the present research focuses on identifying the populations at risk of Se deficiency and on establishing the relationships between the soil geochemical characteristics and Se concentration of local foods, and between dietary Se intake and individuals' Se status. The study first explores Se concentration in various agricultural soil types as well as the main soil factors influencing Se uptake by crops and hence Se concentration in the foods. The study then provides an understanding of average dietary Se intake of the local population by analysing dietary intake and Se concentration of consumed local foods. Finally, the study assesses hair Se concentrations to evaluate individual Se status and investigates its relationship with Se supply of foods and average dietary Se intake.
Materials and methods

Target area
The target study area is the central Kenya highlands, characterized by an elevation range from 400 to 4500 m above sea level, high precipitation and fertile soils due to volcanic parent materials. The region is intensively used for agriculture and is densely populated (Dijkshoorn et al. 2011) . The central Kenya highlands were chosen for the following reasons: on the one hand, the area is characterized by a high volume of staple food production (International Livestock Research Institute 2015), meaning that reliance of population's diet on local foods is high, increasing the possibility of understanding the link between soils, diet, and target population's Se status. On the other hand, the region is home to a significant number of malnourished children (MoH et al. 2013) , which might partly be related to soils-diet nutrient deficiency. Moreover, the area presents a high ethnic diversity, characterized by different cultures, which is reflected in their dietary choices. Thus, the study potentially contributes to the establishment of reference average dietary intakes and corresponding estimated Se intakes across different communities in the region. Furthermore, the area contains a wide range of soil types that differ in geology, relief, and climate (Giachene and Kimaru 2003) , which are likely to differ in their Se composition. In order to account for this heterogeneity in soil types and to allow comparative analysis of soil Se status across different soils, eight locations were selected for the study, all characterized by a different agricultural soil type. Figure 1 presents an overview of the study locations and target agricultural soil types in the central Kenya highlands.
Target population and sample selection
Considering the role that Se plays in growth and development, importance of maternal nutrition during pregnancy and lactation, and vulnerability of children and women to micronutrient deficiencies (Darnton-Hill et al. 2005 ), children and women within reproductive age were the targeted population. The study investigated the risk of dietary Se deficiency among 159 children aged 6-59 months and 111 women aged 19-39 years in rural areas of the study area. Excluded from participation were women and children with congenital or chronic abnormalities impairing feeding pattern, severely ill, with clinical conditions under feeding regimes deviating from a regular diet, or non-permanent residents of the study area. All subjects were informed about the study objectives, procedures and measurement methods, and signed a consent form. The survey was approved and cleared by Kenyatta National Hospital Ethics & Research Committee (KNH/UoN -ERC) -Nairobi, Kenya, and University Hospital (UZ) Medical Ethics Committee of Ghent University, Belgium.
Locations within the target agricultural soils were identified based on the regional soil maps (Jaetzold et al. 1982) . Sampling of villages in each location was based on probability proportionate to size. Sample size estimation for a cross-sectional study was used to calculate sample size for each study location. A list of households with children aged below 5 years from each location was developed by means of a systematic door-to-door survey, and the cumulative sum of the population sizes for all villages was calculated. The number of children to be sampled from each village was determined by dividing the sample size of the study location by the number of villages. The total number of children was divided by the number of villages to be sampled, to get the Sampling Interval (SI). A random number between 1 and the SI was selected as the random start (RS). The first cluster to be sampled contained this cumulative population. The series: RS; RS ? SI; RS ? 2SI; …RS ? (d -1)*SI, was calculated until the required sample size was achieved. The villages selected are those for which the cumulative population contains the serial numbers calculated in the series. Big villages were therefore sampled several times than the smaller villages (Skinner 2016) . The sampling was conducted between April and June on the Eastern or windward side of Mt. Kenya, and July and August on the Western or leeward side of the mountain. The time periods coincide with dry and harvesting seasons for staple grains, and therefore, the sampling was conducted at a time when the households had local food samples.
Assessment of Se concentration in soil, food, and hair, and actual dietary intake Data collection and sampling were conducted at the same time for each household. Dietary intake assessment was conducted on women and mothers/guardian on behalf of their children. Soil and foodstuffs were sampled from the subsistence farms or available stock in the same randomly selected households respectively, and hair was sampled from children and women within the target age groups in the same households.
Soil sampling
Soil was sampled from the same fields/farms belonging to the randomly selected households. A ''W'' transect was used to sample soil across the field, with four samples collected at each of the four-line of the ''W'', at a depth of 0-30 cm using soil probes. The distance between sampling points was smaller than the distance required to represent variability in the field based on prior information on the farm (Franzen and Cihacek 1998) . For each field, 20 soil samples were collected and mixed together, before a composite sample was taken (De Temmerman et al. 2014 ). The soil samples were then air-dried and sieved through a 2-mm sieve to remove stones and plant debris.
Food sampling
Food was sampled from the fields belonging to the randomly selected households with children aged below 5 years. If the food was already harvested, available food stock was sampled. Notably, any food available in the household was sampled including food sourced from the local market. This study aimed at understanding Se supply in the diet, and therefore, the analysis of all types of food consumed by the population irrespective of the source was necessary. However, subsistence farmers sell their grains to local retail traders as a source of income or to avoid postharvest loses. Overtime, they re-purchase the Fig. 1 Target agricultural soil types and study locations in central Kenya highlands grains from the same market. The cereals in the market are therefore a mixture of grains from the surrounding villages. In this study, each study location presented an agricultural soil type of which, all the selected villages were within the target soil type. Since the rural trading centres serve villages within a radius of * 10 km, which is within the area studied per location, the cereal grains in the market are therefore cultivated within the same soil type. During the survey, retail traders in the market confirmed that their foodstuffs were supplied from local farms. Food sampled included cereals, legumes, tubers, leafy vegetables, fruits, milk, meat and eggs. To sample grain-based foodstuffs, the grains were spread on a mat, mixed together and a composite sample was taken. Cereal and legume grains were winnowed to remove chaff, tuber crops washed, peeled and the edible part cut into pieces, while leafy vegetables were cleaned to remove dirt, dead parts, and foreign plants. To sample animal food products such as meat, milk, and eggs, samples were sourced from different shops to ensure a representative sample. In the case of meat, the butcher was asked to sample different parts of the carcass in order to ensure a representative sample for the different body parts. A separate representative sample was also corrected for the organ meats. Volume (ml) of raw food samples was measured in calibrated measuring cups and weighed (g) before drying for the calculation of volume-to-weight factor, for the conversion of amount of food consumed (ml) into weight (g). All food samples were dried in dry air ovens at 70°C. After drying, the dried food samples were weighed and the moisture loss determined for the conversion of the food consumed and Se concentration in foods into fresh weight basis (FW). All food samples were ground into powder using a washable dry mill blender (Philips -HR2106/01) made of steel blades that do not contain Se. The mill was washed and dried after grinding each sample to avoid cross-contamination.
Hair sampling
Hair samples were collected from children and women from the same randomly selected households, at a distance of * 1 cm from the scalp on the occipital area of the head, using titanium nitride-coated scissors to minimize possible release of contaminating elements. Dyed or bleached hair was exempted (Batzevich 1995). Hair samples were cleaned with ethanol to remove dirt, followed by air drying. Analysis of hair Se concentration is recognized as a reliable indicator of individual Se status. It can reflect the integrated intake of Se over a period of 6 months to a year. In addition, hair is a stable biopsy material that remains viable for years with no special handling (Ashton et al. 2009 ).
Dietary intake assessment
Dietary intake assessment was conducted using the 1-day 24-h recall (24HR) method (Willett 2013) . This type of dietary data can be used to obtain reliable estimates of the average intake of a population group as needed for the current survey; however, the data cannot be used to estimate distribution of the intake (Council National Research 1984) . Respondents were issued with recall kits a day before the interview to practice estimating portions of food consumed and were asked to only report the actual food eaten (included any food/drink added and subtracted any leftovers). A standard protocol (multi-pass approach) was applied, which consisted of five steps:
1. List: a list of foods and beverages consumed during the previous 24 h is collected. 2. Forgotten foods: probes for foods possibly forgotten during step 1.
Time and occasion: time and occasion for each
food is collected. 4. Detail cycle: detailed description, amount (ml) and additions or remains for each food are collected. 5. Final probe: probes for anything else consumed in the previous 24 h.
Due to the lack of standard serving portion sizes, respondents estimated the volume of foods and drinks consumed using the plate or cup used for feeding. They estimated the amounts consumed using rice grains to represent any foods or drinks consumed. The rice was then transferred into a calibrated jar to measure the volume (ml). It should be noted that the use of rice grains did not mean respondents consumed rice nor represented an ingredient for cooking. The rice only aided in demonstrating the estimated amounts of foods and drinks consumed. In addition, respondents provided recipes which were mainly a mixture of cereals and legumes, and sometimes addition of tubers and leafy vegetables. Drinks mainly included white tea, milk and porridge. Based on ingredient ratio, the volume (ml) of each food consumed was re-computed and confirmed by the respondent during the interview. Through practical food preparation based on the recipes provided, the change in food volume due to cooking was determined, i.e. on average, 500 ml water and 350 ml maize flour = 700 ml ugali (thick porridge), 500 ml grains = 750 ml flour and 402 ml raw rice = 720 ml cooked rice. Since raw foods were analysed for Se concentration and not the cooked foods, the change in volume due to coking was corrected for, i.e. an average correction factor of 0.53 was used for cereal grains. Amounts of foods consumed (g FW) were computed based on the mean moisture content of foods (Supplementary information 3). The estimated dietary Se intake was then calculated as the product of the amount of foodstuff consumed (g FW) by a participant and the Se concentration in the food (mg kg -1 FW) sampled in his/her farm/household. The average dietary Se intake was compared with EARs in order to assess dietary Se intake adequacy. The average dietary Se intake was compared with estimated average requirements (EARs) in order to assess dietary Se intake adequacy. The EARs are 17 lg d -1 for children 1-3 years, 23 lg d -1 for children 4-8 years, 35 lg d -1 for children 9-13 years, and 45 lg d -1 for children [ 14 years and adults (National Academy of Sciences 2000). Participants' anthropometric parameters were conducted by the same trained nutritionists. Tared weighing was conducted using the UNICEF seca scale 878. For height and length measurements, a seca 213 portable standiometer was used for women and a length-board for children. The weight and height measurements were repeated twice, and for any discrepancy between the first and the second measurements of above 0.2 kg for the weight and 0.1 cm for the height, a third measurement was done. Weight was recorded to the nearest 0.01 kg while height/ length to the nearest 0.1 cm. WHO Anthro Survey Analyser was used analyse the z-scores and the WHO Child Growth Standard used as reference Z-scores for the weight for age (WAZ), height for age (HAZ), and weight for height (WHZ) for children (WHO 2006) . Body mass index for women was calculated as weight (kg)/height (m 2 ).
Chemical analysis
A preliminary step to the analysis consisted of microwave digestion in closed vessels, which was done across for food, hair and soil samples. Each chemical analysis was then conducted in duplicate to check the reproducibility of the method. Each batch of samples was accompanied by external standards, an appropriate standard reference material as shown in Table 1 , and a blank to validate accuracy of the Se quantification.
For total soil Se analysis, an amount of 0.25 g soil was placed in Teflon vessels (Omni vent XP1500, CEM, NC, USA) and 6 ml 67-69% Pico-Pure HNO 3 (Chem-Lab, Zedelgem, Belgium) and 2 ml 48% HF (Merck KGaA, Darmstadt, Germany) added. The samples were sonicated for 15 min followed by microwave digestion in closed vessels (Mars6, CEM, NC, USA) in a one-step program: Ramp 19 min, hold 15 min, temperature 200°C, pressure 500 PSI, and (Carter and Gregorich 2007) . For food samples, an amount of 0.5 g sample was placed in Teflon vessels and 10 ml 67-69% Pico-Pure HNO 3 added. The samples were sonicated for 15 min followed by microwave digestion in closed vessels using a one-step program: Ramp 25 min, hold 15 min, temperature 190°C, pressure 800 PSI and power 1200 W. The sample preparation procedure for hair samples was similar to the one used for food samples except for the amount of hair sample being 0.3 g.
After microwave digestion, the clear digests of soil, food, and hair samples were diluted to 50 ml with Milli-Q water (Merck KGaA, Darmstadt, Germany) and later analysed with an inductively coupled plasma mass spectrometer (ICP-MS, ELAN DRC-e, Perkin-Elmer SCIEX, Waltham, MA, USA), fitted with cyclonic spray chamber with a Babington nebulizer, and CH 4 as the reaction gas. During analysis, samples were introduced from a covered autosampler (AS93plus, Perkin-Elmer) at a rate of 1 ml min -1 . Internal standards 103 Rh/ 69 Ga (10 lg L -1 ) were added inline, in 2% C 4 H 9 OH. The parameters of the ICP-MS system used during Se analysis are shown in Table 2 . To evaluate the presence of interferences, Se concentration was measured for various isotopes at mass 77, 78, 80 and 82. Final results were based on Se 80 , the most abundant isotope in nature and thus suitable for detection of low Se concentration. Limit of quantification for Se was calculated as 10 times the standard deviation of 10 procedure blanks divided by the slope of the standard curve and was equal to 0.04 lg L -1 , and limit of detection as 3.3 times the standard deviation of 10 procedure blanks divided by the slope of the standard curve, and was equal to 0.01 lg L -1 (ICH 1994). Major soil elements, i.e. Fe, Zn, Al, Mn, Co, Cr, Cu, Ni, Ca, Mg, P, S, Na and K, were analysed with an inductively coupled plasma optical emission spectrometer (ICP-OES, Vista-MPX, Varian, Palo Alto, CA, USA), using the same digests as used for Se concentration analysis.
Statistical analysis
Statistical analysis was performed with SPSS-IBM Corp. (2016), IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY. Normal distribution of data was verified by Shapiro-Wilk test. Data with skewed distribution were either log 10 -transformed or square-root-transformed before further analysis. Descriptive statistics analysis for Se concentration in food, hair and soil and dietary intake data were based on untransformed data. Assumptions for linearity and homogeneity of variance were met. To account for the clustered nature of the data, two-level regression models for clustered data (study location as level 2 variable) were used to determine the relation between Se concentrations in local foodstuffs (Level 1-dependent variable) and soil characteristics (level 1 predictor variable), and between dietary Se intake (Level 
Results
Soils geochemical characteristics
The total soil Se concentration significantly varied across the eight study locations (p values \ 0.001), on average from 0.215 mg kg -1 in Marimanti to 0.703 mg kg -1 in Njoune (Table 3 ). The overall mean total soil Se concentration was 0.465 mg kg -1 . KH 2 PO 4 -extractable soil Se concentration ranged from 0.005 mg kg -1 in Mbeu to 0.010 mg kg -1 in Ruiri, and poorly correlated with the total Se concentration (PCC = 0.389, p value \ 0.001). In reference to the mean total soil Se, only 1.82% of Se was available for plants uptake. The mean concentration of other soil geochemical characteristics also significantly varied across the study locations (p values \ 0.001). Compared to other study locations, Mbuyu and Marimanti had the lowest soil OM, Mn, Fe, Al and P. In particular, Mbuyu had the lowest soil P concentration of 256 mg kg -1 , as compared to 2677 mg kg -1 in Njoune and 2653 mg kg -1 in Ruiri.
Selenium concentration in foods (mg kg -1 ) and dietary Se intake (lg d -1 )
The most common staple foods consumed across the study locations included maize, beans, potatoes and green bananas. Rice and wheat products were also important foods in the region. Selenium concentration in foods consumed by the children and women varied significantly across the study locations (p values \ 0.001) as shown in Table 4 . Mbuyu reported the lowest Se concentrations in foods: 0.005 mg kg -1 in maize, beans, and potato, and 0.001 mg kg -1 in green banana (on fresh weight basis). Ruiri on the other hand reported the highest Se concentration in foods: 0.047 mg kg -1 in maize, Standard deviation. n number of participants who consumed the foodstuff 0.030 mg kg -1 in beans, 0.028 mg kg -1 in potato, and 0.012 mg kg -1 in green banana. Generally, consumption of good Se sources such as animalsource foods such as fish, meat and eggs was limited. Milk was the only animal-source food that was routinely consumed across the study locations; however, it had low Se concentration ranging from 0.009 to 0.043 mg kg -1 . The dietary Se intake from the foods consumed was based on the Se concentration (mg kg -1 ) in Table 5 and the amount consumed (g) in supplementary information 1 and 2. Generally, the main dietary Se sources for both children and women across the study locations were bean, bread, maize, milk, potato and rice as shown in Table 5 for children and Table 6 for women. The study found that the variation in geochemical characteristics between study locations was not significant (p values [ 0.05). The geochemical characteristics that significantly explained Se concentration in foods (p values \ 0.001) are shown in Table 7 . This included soil P and Se for maize, beans and amaranthus leaves; soil pH and Se for beans, potatoes and amaranthus leaves; soil OM and Se for beans and potatoes; soil Fe and Se for potatoes; KH 2 PO 4extractable/Ca and Se for potatoes and amaranthus leaves. Generally, an increase in these soil characteristics was likely to result in an increase in Se concentration in the respective foods, except for soil Fe and Ca which were likely to result in a decrease in Se concentration. Notably, no significant relationship was observed between soil Se status and Se concentration in foods except between KH 2 PO 4 -extractable soil Se and the Se concentration in amaranths leaves. The average age of the study population was 2.5 years for children (SD = 1.3) and 28.9 years for women (SD = 7.4). Among the children, 55% were girls and 45% boys. In total, the study found that 41% of children were stunted, 15% underweight and 2% wasted, based on weight and height measurements.
Stunting was therefore observed to be of greater magnitude than underweight and wasting. For women, overweight was observed to exceed underweight based on the body mass index, with 28% of women being overweight and 12% being underweight. Majority of the women (63%) received only the primary education, 30% received secondary education and 7% received tertiary education. Most (90%) of the women were subsistence farmers or housewives, with the remaining 10% being employed or self-employed. The average dietary Se intake from all foods consumed varied significantly across locations from 7.6 lg p -1 d -1 in Mbuyu to 23.4 lg p -1 d -1 in Kibirichia among the children and from 14.4 in Mbuyu lg p -1 d -1 to 52.6 lg p -1 d -1 in Kiguchwa among women (p values \ 0.001). Intuitively and in line with Se concentration in foodstuffs, Mbuyu reported the lowest average dietary Se intake, followed by Marimanti at 14.7 lg p -1 d -1 for children and 30.1 lg p -1 d -1 for women (Table 8 ). All the children and women assessed on these two locations had inadequate dietary Se intake based on EARs. Among the children, study locations including Kibilichia, Kiguchua, Njoune, and Ruiri, which reported high Se concentration in staple foods, had adequate dietary Se intake. Mbeu and Kiaga reported suboptimal dietary Se intake. However, for women, all the study locations reported inadequate average dietary Se intake except in Kiguchwa. Overall, the dietary Se intake of 87% children and 97% women was below EARs.
Selenium concentration in the hair (mg kg -1 ) Selenium concentration in the hair varied across the study locations from 0.285 mg kg -1 in Mbuyu to 0.632 mg kg -1 in Ruiri among children, and from 0.243 mg kg -1 in Mbuyu to 0.665 mg kg -1 in Kiguchwa among women. In line with the average dietary Se intake, Mbuyu, Marimanti, Kiaga and Mbeu had lower Se concentrations in hair for both children and women, as compared to study locations with higher hair Se concentration such as Kiguchwa, Njoune and Ruiri. In total, average hair Se concentration was 0.536 mg kg -1 among children and 0.546 mg kg -1 among women (Table 9 ). As a consequence, 92% of the children and 94% of the women had hair Se concentrations below the reference value. The ranking of locations based on Se concentration in hair was therefore similar to the one for dietary Se intake. Notably, the mean hair Se concentration among girls was 0.546 mg kg -1 and 0.540 mg kg -1 among boys, respectively, with no significant differences between girls and boys (T test comparison of mean: p value = 0.94). The study found that the between cluster variation in hair Se concentration was not significant (p values [ 0.05). Dietary Se intake from maize was positively associated with Se concentration in hair for women (p value = 0.002). Generally, an increase in dietary Se supply from maize grains was likely to result in an increase in Se concentration in hair for women.
Discussion
This study assessed the risk of dietary Se deficiency among the rural population in the central Kenya highlands, based on average daily dietary Se intake and individuals' Se status. In order to assess the Se status in different physiological conditions, eight study locations were selected to represent different agricultural soils and geochemical characteristics influencing crop's Se uptake. In this study, Se concentration in foods varied across the study locations but also within location. For instance, the Se concentration in maize ranges from 0.001 to 0.010 mg kg -1 in Mbuyu. This level of Se content in cereal products is classified as low (Ge and Yang 1993) . In other study locations, higher mean Se concentration is observed in maize, ranging from 0.029 mg kg -1 in Marimanti to 0.047 mg kg -1 in Ruiri. In this study, there was no significant relationship between the soil Se and Se in foods. Notably, the Se concentration in maize is higher than was reported in Malawi (Chilimba et al. 2011) . This is mainly explained by the difference in soil Se status between the two countries, with Malawi having much lower total soil Se of 0.1941 mg kg -1 and extractable soil Se of 0.0056 mg kg -1 , compared to 0.465 mg kg -1 and 0.008 mg kg -1 , respectively, in Kenya. Although there was no obvious link between grain and soil Se concentration in both studies, most plants (nonaccumulators) accumulate Se in direct relationship to the amount available in the soil (Sors et al. 2005) . In this study, as well as in Malawi, geochemical characteristics, especially the soil pH, are significantly associated with Se concentration in foods. The mean soil pH in Kenya (6.3) is relatively higher than in Malawi (5-6) which further explains the higher Se concentration in maize in Kenya. The mean total soil Se found by Chilimba et al. (2011) in Malawi and in the present study in Kenya are both within the range considered Se deficient of 0.1 to 0.6 mg kg -1 (Fordyce 2013). However, as demonstrated by Lyons et al. (2004) , two soils types with exactly the same total soil Se concentration of 0.08 mg kg -1 but different soil pH of 6.6 and 8.6, resulted in 11-fold difference in Se concentration in wheat grains. This evidences the role of soil geochemical interactions in determining Se availability for plants' uptake. In this regard, Christophersen et al. (2012) call for a revision of the total soil Se concentration level that should be considered as Se deficient.
In this study, Se concentration in foods was associated with the soil pH, OM, P and Fe. An increase in soil pH was associated with an increase in Se concentration in beans, potatoes and amaranth leaves. This is in line with the findings by Wang et al. 2016 who found out that Se transfer from the soil to root in highland barley significantly increased as the pH value of the soil increased. Across the study locations, the soil pH ranged from moderately acidic (5.8) to neutral (6.9). In nature, Se species present in a soil environment are determined to a large extent by the soil pH and redox potential (Eh) (Mayland et al. 1991) . Under most natural redox conditions, selenite (Se 4? ) and selenate (Se 6? ) are the predominant inorganic species. This occurs in the oxic zone (0.4-0.8 V) as illustrated in the Pourbaix diagram in Fig. 2 (Wikipedia 2019) . Within this Eh zone, changes of pH induces transformations between selenite and selenate. At higher pH, Se oxidation state shifts to Se 6? . The selenate formed is less adsorbed by soil minerals and is therefore available in soil solution for uptake by crops. However, at lower pH, the oxidation state shifts to Se 4? . The selenite formed is adsorbed by ligand exchange onto soil clay surfaces with greater affinity than selenate, limiting Se concentration in the soil solution (Blaylock and James 1994) . The binding strength increases as the pH decreases (Parkman and Hultberg 2002) . In addition, selenide and elemental Se that are generally unavailable may occur in more reducing environments (Christophersen et al. 2012) , whereas elemental Se can also occur under less reducing conditions at low pH levels.
The other soil characteristic that explained Se concentration in foods was OM. An increase in soil OM was associated with an increase in Se concentration in beans and potatoes. Soil OM may help retain soil Se, and prevent it from leaching. Mbuyu, in particular, had a lower soil OM, which is explained by a drier climate, higher temperature (faster microbial degradation of OM), and the absence of waterlogging (well-oxidized soils), which favours selenate over selenite. However, since selenate is less strongly adsorbed to the soil, it may be leached from the topsoil during heavy downpour. This explains the low plantavailable Se in Mbuyu based on Se concentration in foods, as compared to locations with higher soil OM and plant-available Se such as Ruiri and Njoune. Soil P concentration is another important influencing factor. Mbuyu largely differs from other locations in soil P concentration. The presence of phosphate influences the extent to which Se is adsorbed by a soil and its availability to plants (Christophersen et al. 2012) . In this study, an increase in soil P was associated with an increase in Se concentration in bean, maize and amaranths leaves. This is because soil phosphate causes desorption of selenite bound to soil minerals, as phosphate is bound more strongly to Fe and Al than is Se, and hence increasing Se availability for crop's uptake (Liu et al. 2004 , Nakamaru et al. 2006 Eich-Greatorex et al. 2010) . In our study, this is reflected by the soil's P to Fe ? Al ratio, which is low in Mbuyu and high in Ruiri or Njoune.
Based on the actual dietary intake data, the diet of the rural population in the central Kenya highlands depends on a few cereal grains, beans and potato/green banana. Intake of good Se sources such as fish, meat, and eggs is limited. Milk is routinely consumed but its contribution to dietary Se intake is restricted by its low Se concentration. This study therefore finds that a low dietary diversity across the study location results in an inadequate dietary Se intake. For instance, all children assessed in Mbuyu and Marimanti, and all women in Mbuyu, Marimanti, Mbeu, Kiguchwa and Ruiri had an average dietary Se intake below EARs (a risk of dietary Se deficiency of 100%). Notably, even women from locations with higher Se concentration in foods, such as in Ruiri and Njoune, had inadequate average dietary Se intake. Low dietary diversity is therefore an important factor contributing to inadequate dietary Se intake across the study locations. In general, 87% of children and 97% of women are at risk of dietary Se deficiency across the eight study locations. These results relate to previously reported low-dietary Se supply of 23-35 lg capita -1 d -1 and mean estimated risk of dietary Se deficiency in Kenya at 91-100% among (Joy et al. 2014) . The results also relate to the [ 80% risk of dietary Se deficiency in Malawi reported by Hurst et al. (2013) . In Malawi, 87% of children and 97% of women were at risk of dietary Se deficiency. In addition, this study observes lower dietary Se intakes among women in Mbuyu (14.1 lg Se p -1 d -1 ), and that women are at a higher risk of dietary Se deficiency than children. This is because at times of limited food choices, the children's diet is given priority. Scarce and seasonal foodstuffs such as milk, eggs, fruits, indigenous vegetables, lentils and tubers are reserved for the children. Moreover, animal-source foods such as milk and eggs are common ingredients for porridge that serves as a day time snack for children. The diet for the children is generally more diversified compared to that of the rest of the household. This explains the 10% difference in the risk of dietary Se deficiency between the children and women.
In line with the dietary Se intake, children and women in Mbuyu have the lowest Se concentration in hair while their counterparts in Kiguchwa, Njoune, and Ruiri have the highest Se concentration in hair. The ranking of the dietary Se intake inadequacy (risk of Se deficiency) is therefore in line with the hair Se concentrations' findings, with the vast majority of the children and women's hair Se concentration (92% and 94%, respectively) being below the reference interval. Hair Se concentration is related to long-term Se intake (Miekeley et al. 1998) . Reference values for human hair Se concentration have been reported in the literature to be 0.77 mg kg -1 based on hair samples of healthy 3-15-year-old youngsters from several (Wikipedia 2019) urban areas of Rome, Italy (Senofonte et al. 2000) . A reference interval of 0.7 ± 0.1 mg kg -1 has also been calculated based on human scalp hair Se concentration from a group of 1091 individuals of Rio de Janeiro, Brazil (Miekeley et al. 1998) . This is in line with reference median Se concentration of 0.79 mg kg -1 and a range of 0.48-1.84 mg kg -1 according to ALS Scandinavia AB laboratory-Stockholm, Sweden (Axelsson et al. 2001) , and a range of 0.40-2.00 mg kg -1 reported by Biolab Medical Unit-London, UK (Austin and Soloway 2012) . In this study, an increase in dietary Se intake from maize grains was associated with an increase in Se concentration in hair among women. Selenium in hair is therefore a sensitive and reliable indicator for dietary Se intake, as also reported in the literature (IAEA 1994) . This finding is important especially in limited resource settings where more accurate biomarkers such as blood cannot be measured. It is also important when targeting children aged below 5 years, whereby collection of blood samples is ethically challenging. Miekeley et al. (1998) reported that Se level in tissues seems to be affected more easily and more generally by its abundance in the diet. This behaviour points to a less efficient homeostatic control and thus, the relations between Se content in the diet and that in the hair may be less disturbed by regulations than in other elements.
The low-dietary Se intake of \ 20 lg d -1 , for instance, in Mbuyu among women, indicates a high risk of dietary Se deficiency and geomedical problems among the local population. In addition, the inadequate dietary Se intakes of \ 40 lg d -1 among women across the study locations may pose an increased risk of oxidative stress-related diseases such as cancer and cardiovascular diseases, or progression of viral infection due to suppressed immune function (Rayman 2000 , Fairweather-Tait et al. 2011 . In a past study conducted in the coastal region of Kenya, Se deficiency was associated with higher likelihood of genital mucosal shedding of HIV-1 infected cells, increasing the infectiousness of women with HIV-1 (Baeten et al. 2001 ). Moreover, in child growth and development, inadequate Se intake during pregnancy poses a risk of impaired intrauterine growth retardation caused by oxidative stress (Biri et al. 2007 ). These past findings confirm Se deficiency as a potential important public health issue in Kenya, and SSA in general.
In conclusion, low Se concentration in foods contributes to the inadequate dietary Se intake in Mbuyu, besides a low diversified diet. However, in other study locations, a low diversified diet is the main limiting factor in achieving an adequate dietary Se intake. These findings call for the need to investigate the health burden of Se deficiency, and interventional measures to curb this hidden hunger in developing countries. A diversified diet that includes animal foods such as meat, eggs, fish and/or agronomic biofortification, which employs the use of fertilizers containing the mineral elements lacking in human diets, are potential interventional measures in these rural areas (Ros et al. 2016; Kirchmann et al. 2009 ). In addition, re-establishing agricultural ecosystems that are closer to the original natural ecosystem is the ultimate long-term solution for top soil's nutrient elements deficiencies (Christophersen et al. 2012) . Soil nutrient deficiencies in rural subsistence farms mostly result from excessive disruption of natural systems of local biogeochemical recycling and retention through soil erosion and leaching.
